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ABSTRACT 
 
Each year, millions of Americans require skin grafts. One promising approach is to use 
patient-derived epithelial stem cells to replace damaged skin. Micro-niches, which support 
epithelial stem cells, exist within the epidermis. To understand and bio-engineer these 
niches, a simple experimental platform must be developed. Using an existing basal lamina 
analogue that mimicked the topography of the dermal-epidermal junction I have developed 
an approach using optical sectioning fluorescent microscopy that allows for rapid 
characterization of functional perturbations to this system. 
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INTRODUCTION  
Over 2 million Americans will suffer a burn related injury each year, and of those 2 
million people approximately 12,000 will be burnt severely enough to require a skin 
transplantation (Bush, 2009). In addition to burn related injuries, skin transplants may also 
be required for other diseases that affect the skin, like skin cancer. Skin cancer is the most 
common type of cancer in the United States, affecting greater than 2 million people per 
year, with an additional 68,130 cases of melanoma reported in 2010(American Cancer 
Society, 2011).   
Anatomy of the Skin 
The skin is the largest organ in the human body. It covers almost the entire surface of 
the body (approximately 2 square meters), ranges in thickness from 0.5mm – 4mm, and 
accounts for 16% of our total body mass (BBC Science & Nature, 2011). The skin can be 
broken up into three main layers, the epidermis, dermis, and hypodermis (Figure 1). The 
hypodermis consists mostly of subcutaneous fat, which acts as a stored energy source and 
provides insulation. The epidermis is primarily responsible for acting as an external barrier  
Figure 1: Anatomy of the human skin, showing the three main layers, the epidermis, 
dermis, and hypodermis.  
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that protects the body from exposure to harmful chemicals, UV radiation, and infection. The 
majority of the epidermis consists of stratified squamous epithelial keratinocytes that 
secrete keratin, a protein that hardens and waterproofs the skin (National Geographic, 
2011). The epidermis is deprived of blood and must therefore receive nourishment 
through diffusion with the dermis.   
The dermis lies beneath and anchors the epidermis, providing it with nourishment 
and flexibility (Figure 1). The dermis is full of connective tissue, like fibrin and elastin, 
produced by fibroblast cells which attribute to the skin’s flexibility. Another important 
feature of the dermis is the dermal papilla, finger-like protrusions that extend from the 
dermis into the epidermal layer (Arao et al., 1998). Finger prints are the result of dermal 
papilla and can be visualized with the naked eye through the translucent epidermal layer. 
An aspect of the dermal papilla that is of importance in this experiment is the topographical 
pattern of tiny peaks and valleys that are created throughout the surface of the skin. This 
topographical pattern provides a natural template for bioengineered basal lamina 
analogues.  
Skin Grafting 
Skin grafting, the process of replacing damaged skin, has made many great 
improvements since its first successful recorded case in 1917 (Daily Telegraph, 2008). The 
process of autografting is considered to be the modern day “gold-standard” when replacing 
unviable or severely damaged skin. The process of autografting, generating a graft from 
patient derived skin  consists of a  surgical procedure that involves shaving off a portion of 
healthy skin (typically from the thigh or buttock), meshing the healthy skin to stretch it, 
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and transplanting the skin  mesh onto the surface of an open wound (Medline Plus, 2006) 
(Figure 2).  
 
Figure 2: Typical Autografts Procedure (Medline Plus, 2006) 
Autografts, although highly successful, often leave scars, and they require viable donor 
tissue, which may not be available in severely burned patients.  Since autografts are 
clinically limited, new methods are currently being developed to successfully replace 
damaged skin tissue. Modern research is focusing on bioengineering skin substitutes that 
could replace the existing practice of autografting. The demand for bioengineered skin 
substitutes is at a premium, and current research in the area is still in its adolescent stage. 
The most promising area in the field of bioengineered skin substitutes involves harvesting 
human pluripotent stem cells to replace damaged skin. Industrially cultured skin derived 
from human pluripotent stem cells would greatly improve the process of skin repair by 
being readily accessible, while also reducing scarring and surgical complications.  
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Skin Cell Differentiation 
 
Figure 3: (A) Epithelial histology at the dermal epidermal junction (DEJ). (B) The 
epidermal proliferative unit (Alonso and Fuchs, 2003)  
 
Biochemical interactions between the epidermis and dermis occur at the basal 
lamina, more specifically at the dermal-epidermal junction (DEJ). The activity of the DEJ 
has been the subject of current research that studies the mechanism by which the dermis 
communicates and signals the cells of the epidermis (Bush, 2009). It has been shown that 
epidermal cells that are anchored to the basal lamina receive signals from the dermis and 
divide rapidly (Alonso and Fuchs, 2003). These cells eventually transcend into the spinous 
layer of the epidermis where they strengthen their cytoskeletons. The cells then become 
granulated in preparation for consolidating into stratified corneum (Figure 3A). 
Undifferentiated epithelial stem cells exist throughout the epidermis. These cells 
occasionally divide and give rise to daughter epithelial stem cells that remain 
undifferentiated (Figure 3B). As the stem cells grow outwards, they eventually leave the 
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“niche” of the basal layer where they become terminally differentiated into adult 
keratinocytes (Alonso and Fuchs, 2003)    
It has been shown that micro-niches, which support the sustainment of epithelial 
stem cells, can be found within certain areas of the epidermis (Alonso and Fuchs, 2003). 
Research has also shown that stem cell micro-niches exist within an epidermal bulge deep 
in the hair follicle, which sheds newly differentiated keratinocytes into the upper layers of 
the epidermis (Spradling et al., 2001). These micro-niches provide an environment for 
epidermal stem cells to thrive and remain undifferentiated, which could potentially act as 
an ideal site for harvesting skin derived adult stem cells, for use in bioengineered skin 
substitutes.   
Of particular interest for developing skin substitutes is identifying the molecules 
that maintain the identity of epidermal stem cells.  One promising candidate is the leucine-
rich repeats (LRR) and immunoglobulin-like (IG) domain 1 (LRIG-1) protein, which is a 
member of the LIG (LRR/IG) family.   Members of this family are the focus of work in the 
Duffy lab, which provided the first evidence of a LIG molecule regulating signaling through 
the Epidermal Growth Factor Receptor (EGFR) (Ghighlione et al., 1999).  Subsequent work 
by others has implicated LRIG-1 in EGFR signaling and maintenance of epidermal stem cell 
identity (Jensen et al., 2009).  Given this initial evidence for a link between LIGs, EGFR 
signaling, and epidermal stem cell fates, the goal of this project was to develop a simple and 
rapid assay for functional molecular studies of the role of LIG family members in directing 
epidermal stem cell fates. 
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Bioengineering Skin Substitutes 
Locating, targeting, and harvesting skin derived stem cells is a tedious and challenging 
process. For one, epidermal stem cells look visually similar to differentiated keratinocytes.  
Also, epidermal keratinocytes divide rapidly to replace dead cells near the surface of the 
skin in vivo, which corresponds to rapid differentiation of epidermal stem cells (Gaio et al., 
2007). These convolutions can inhibit the study of epidermal skin cell differentiation in 
vivo. In order to further understand the location, extent, and capabilities of epidermal stem 
cells, a simple and practical model must be developed that creates an artificial in vivo 
environment for keratinocytes to grow and differentiate.  In this experiment, collagen 
based basal lamina analogues were generated, biased on previous experiments that used 
the same model for bioengineering skin substitutes (Bush, 2009). The basal lamina 
analogues (often referred to as collagen grafts) designed for this experiment duplicated the 
dermal layer’s fibrous protein composition, and contained micro-abrasions that replicated 
the surface topography formed by the dermal papilla. Skin cell types, both fibroblasts and 
keratinocyte, were cultured in air/liquid interface devices to allow for the stratification of 
the skin cells. After culture the collagen grafts were holistically analyzed by optical 
sectioning fluorescent microscopy for various cellular features, using a Zeiss® Axiovision® 
Microscope equipped with an Apotome® (Figure 4).  
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Figure 4: Zeiss® Microscope equipped with an Apotome®. (A) Gross external anatomy 
of the microscope highlighting the Apotome slider, camera, and reflector turret (B) 
External view of the Apotome slider device activated in the microscope. The TFT 
touch interface, which robotically controls the microscope, is also highlighted. (C) 
Computer generated model of the Apotome slider device showing the internal 
features of the device. (Zeiss®)   
 
In this experiment, an upright Zeiss Axioimager microscope equipped with an Apotome 
allowed for rapid characterization epidermal cell types by generating z-stacks. The z-stack 
forms a composite picture of a sample within a fixed z-axis range. This technology allowed 
for cell types to be efficiently identified at fixed points within the wells of the basal lamina 
analogue for the presence and/or quantity of cell types in that particular plane. The 
microscope also has available software that generates a completely 3D representation of 
the sample, which would allow for further analysis of skin cell differentiation on the surface 
of collagen based basal lamina analogues.     
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MATERIALS AND METHODS 
Isolation of Rat Tail Tendon (RTT) Collagen 
Thirteen rat tails were thawed in 1x PBS, and as much blood as possible was 
drained. Surgical hemostats were used to pull the fibrous tendons from the rat tails, and the 
pulled tendons were placed in a beaker of 1x PBS. The tendons were then rinsed in 1x PBS 
an additional two times. The rinsed tendons were then placed into 1600mL of 3% acetic 
acid and the solution was stirred and 4oC overnight. The resulting solution was then 
filtered through four layers of cheesecloth into a 2L beaker. The resulting filtrate was 
poured into rotor bottles and was spun again at 8590 RPM and 4oC for 2 hours. The 
resulting supernatant was decanted from the rotor bottles into a 2L beaker, and the pellet 
was discarded. The supernatant was then filtered through four layers of cheesecloth into 
another 2L beaker. Then 320mL of 30% NaCl in H2O was dripped into the filtered 
supernatant at 4oC without stirring, and the resulting solution was allowed to sit for at least 
one hour. The entire solution and precipitate was then poured into rotor bottles and was 
spun at 4960 RPM at 4oC for 40 minutes. The resulting supernatant was discarded and the 
gelatinous pellets were placed into a 2L beaker. The gelatinous pellets were re-suspended 
in 400mL of 6% acetic acid, and stirred at 4oC overnight, or until the pellets had completely 
dissolved. Then the collagen solution was poured into dialysis bags (~1 ft. long), and was 
dialyzed in 5L of 1mM HCl in a 6L flask. The dialysate was changed 5 times with a minimum 
of 4 hour in between each wash. The collagen solution changed from cloudy white to clear 
through the dialysis process. The final collagen product was freeze dried and stored in a 
4oC environment for future use.     
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Forming RTT Collagen Basal Lamina Analog 
 First, the RTT collagen from part one was brought to the desired concentration of 
10mg/mL by adding 0.4g of RTT collagen to 40 mL of 5mM HCl. Then the basal lamina 
analogs gel was made in a 1mL plate. The gel consisted of 0.8mL of 10mg/mL RTT collagen, 
0.2mL of 5x DMEM with Sodium Bicarbonate (13.48g DMEM, 3.7g NaHCO3, 1L dH2O), and 
0.04mL 0.1M NaOH. A 1mL syringe was used to stir the collagenous gel until a uniform 
pinkish color was observed throughout. Then approximately 0.6mL of the collagenous gel 
was drawn into the 1mL syringe and deposited onto the surface of a polydimethylsiloxane 
(PDMS) mold. Each mold had a specific type of topography pattern, which consists of small 
depressions that mimic the dermal papilla found at the dermal epidermal junction (DEJ). 
The collagenous gel was then spread out over the surface of the PDMS mold evenly, 
ensuring that no air-bubbles were present in the gel (air-bubbles may disrupt the 
topography pattern once the gel solidifies). The resulting collagen gel on the PDMS mold 
was placed in an incubator at 37oC overnight (Figure 5).       
 
Figure 5: The formation of the basal lamina analogue.  
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Collagen Graft Sterilization  
The collagen grafts were removed from the incubator and peeled back from the 
PDMS mold with a pair of forceps. It was then affixed to the surface of an air/liquid (A/L) 
interface culturing devise shown in Figure 6. The collagen graft itself is placed on the 
screen and sealed with the silicone gasket. The entire devise is secured with screws and fits 
into a 6-well plate.  The collagen grafts were sterilized by submerging the composite 
culturing devices in 95% ethanol for 30 minutes. In a biological safety cabinet, the grafts 
were rinsed by transferring the devices into a sterile container and submerging the grafts 
in PBS+ABC (antibiotics in PBS). A total of 3 rinses were done, and the grafts sat in 
PBS+ABC overnight. Then the grafts and A/L interface culturing devices were removed and 
placed into a 6-well plate in preparation for seeding the grafts with skin cells.     
 
Figure 6: Air/Liquid Interface Culture Devices (A) Internal View (B) Collapsed View  
Seeding Fibroblasts and Keratinocytes  
 Fibroblasts 
 A culture of Neonatal Human Fibroblasts (NHFs) was obtained. The NHF media was 
aspirated out from the cell culture flask, and the fibroblasts were washed in 10mL of 
versene. The versene was then aspirated out from the cell culture flask and 10mL of trypsin 
Screws  
Rubber Gasket  
Screen 
Post 
   (A)                                                     (B) 
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was added to the fibroblast culture in order to detach them from the base of the cell culture 
flask. The culture was incubated in trypsin for approximately 5 minutes at 37oC. The 
fibroblasts were then observed under an inverted microscope to verify that the trypsin had 
re-suspended them. The culture was then spun down in a centrifuge at 1200RPM for 5 
minutes. The trypsin supernatant was aspirated out and the pellet was kept. The cells were 
resuspended in 5ml of NHF media, and the cellular concentration was calculated using a 
hemocytometer. The desired concentration of 1.0x106 cells/mL was seeded to each graft, 
and incubated at 370C.    
 Keratinocytes 
A culture of Neonatal Human Keratinocytes (NHK) + J2 cells was obtained. The NHK 
media was aspirated out from the cell culture flask, and the culture was washed in 10mL of 
versene. The versene was then aspirated out from the cell culture flask and 10mL of trypsin 
was added to the NHK+J2 culture in order to detach the J2 cells from the base of the cell 
culture flask. The culture sat in trypsin for approximately 2 minutes, or until there was an 
observed J2 detachment under an inverted microscope. The Trypsin was then aspirated out 
of the cell culture flask and fresh NHK media was added to the flask.  An additional 
trypsinization was done for approximately 4 more minutes in a 37oC incubator until the 
majority of the keratinocytes detached from the basement of the flask. The culture was 
then spun down in a centrifuge at 1200RPM for 5 minutes. The trypsin supernatant was 
aspirated out and the pellet was kept. The cells were resuspended in 5ml of NHK media, 
and the cellular concentration was calculated using a hemocytometer. The desired 
concentration of 1.0x106 cells/mL was seeded to each graft, and incubated at 370C.    
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RESULTS  
Mounting the Callogen Grafts  
 The seeded collagen grafts were allowed to incubate at 37oC for typically 3-5 days 
depending on how much growth and stratification was desired in order to sucessfully 
characterize cells seeded on the graft. After this incubation and growth period was 
completed, the cells were fixed to the collagen graft by submerging them in formalin for 15 
minutes. After the grafts were fixed in formalin, they were removed from the culturing 
devices and excess collagen from the mold was cut away with a razor blade. The grafts 
were then cut further order to fit into the depression on a 76x26x3mm depression 
microscope slide. These slides were chosen in order to keep the collagen graft submerged 
in the 1mm depression, so that the surface topography of the graft would not be altered 
due to compression of the graft (Figure 7). The depression was filled with 10%glycerol in 
PBS which would act as the submerging media for the grafts.        
Fluorescent Microscopy  
 In order to see if cells seeded onto the surface of a basal lamina analogue could be 
visualized through optical sectioning microscopy, simple cell stains were done and 
analyzed under by fluorescent microscopy with the Apotome.  These initial grafts cells 
were seeded onto non-micro-abraded collagen grafts, for simplicity purposes, with 
neonatal human fibroblasts (NHFs) since these cells reproduced rapidly and were very 
robust, as compared to keratinocytes. A culture of NHF cells was pre-stained with 
Vybrant® CFDA SE, which is a cyto-stain that which passively diffuses into the cell and 
produces fluorescent pigment when its acetate groups are cleaved by intracellular 
esterases.  
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Figure 7: Collagen graft mounting protocol into depression microscope slides 
After the cells were seeded and fixed onto the surface of a collagen graft, they were 
stained with Hoechst DNA stain, and the graft was imaged under the microscope. The 
images that were observed clearly displayed the fibrous cell bodies and nuclei of the 
fibroblasts at 100x magnification (Figure 8). Upon taking a z-stack of the graft sample, 
there appeared to be a black space that moved from right to left as the Z-stack slices 
continued 3.4µm down the graft (See Appendix Figure A1). This suggested that there was a 
slight slope in the non-micro-abraded graft, and that the depression slide was not 
compressing the graft down against the base of the well. The successful imaging of cells on 
the basal lamina analogue using Apotome processing prompted the investigation into 
whether or not immunostaining could be done on fixed cells seeded to the collagen grafts in 
order to eventually use immunochemistry to identify putative epidermal stem cells. 
Mounted 
Collagen 
Graft  
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Figure 8: NHF cells at 100x magnification. Cells were stained with Hoechst DNA stain 
(Blue), and CFDA SE cyto-stain (Green).   
 
Immunofluorescence Assay  
 After achieving success in visualizing the preliminary fluorescence staining of 
fibroblasts, it needed to be known if successful immunological staining could be done in 
cells seeded on a basal lamina analogue. An immunofluorescent assay (IFA) was done with 
the intent of labeling the microtubules of NHF cells seeded onto basal lamina analogues. 
Additionally, it needed to be determined which dilution of primary antibody would 
produce optimal results for characterizing the cells. Individual grafts, seeded with NHF 
cells, were placed into a 6-well plate (1 graft per well), which was placed on an electronic 
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shaker for the duration of the staining procedure. The grafts were then washed thoroughly 
(1 wash per 5 minute) for 20 minutes with 1xPBS. In order to block non-specific binding of 
the primary antibody, the grafts were submerged in 1% bovine serum albumen (BSA) for a 
minimum of 1 hour.  
The grafts were then submerged in two different dilutions (1:25 and 1:100) of 
primary antibody (12G10 mouse anti-α-tubulin, DSHB®) diluted in 1xPBS. The primary 
antibody was left to react with the cells for 4-hours at room temp (overnight at 4oC would 
also suffice). After completion of the primary antibody reaction, the grafts were washed 
thoroughly in 1xPBS for 20 minutes (1 wash every 5 minutes). The grafts wee then 
submerged in a 1:500 dilution of secondary antibody (goat-anti-mouse, AlexaFluor® 488) 
diluted in 1xPBS. The secondary antibody was allowed to react for 2 hours at room temp 
(half the time of the primary). 
Analyzing the immuno-stained cells using fluorescent microscopy revealed that the 
1:25 dilution of primary anti-α-tubulin produced very bright, nonspecific spots, at 100x 
magnification (See Appendix Figure A2). In these images, tubulin fibers were not clearly 
identifiable. The 1:100 dilution of primary anti-α-tubulin, however, produced much clearer 
and specific results. In these images, tubulin strands within the fixed fibroblasts could be 
clearly visualized at 100x magnification (Figure 9A). The fibroblasts did not appear to fill 
the entire field with positively stained cells, which suggests that cells were not uniformly 
labeled with either the primary or secondary antibody.  In order to observe the specificity 
of the antibody stain, additional photographs were taken of individual fibroblasts at 400x 
magnification (Figure 9B&C). In these photos good striation of tubulin strands was 
observed.  
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Figure 9: NHF cells, stained with a 1:100 dilution of anti-α-tubulin-AlexaFluor®488. 
(A) 100x magnification (B &C) 400x magnification of individual fibroblasts. 
 
(A) 
(B) (C) 
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Skin Stem Cell Marker: Beta-1 Integrin   
 The successful initial immunostaining of alpha-tubulin in fibroblasts, prompted the 
switch to immunostaining true epidermal neonatal human keratinocytes (NHKs) seeded 
onto a micro-abraded basal lamina analogue. In order to locate potential areas for stem cell 
niches in this system, a stem cell marker needed to be selected and tagged with and 
antibodies. It has been shown in previous experiments that β1 integrin expression is 
upregulated in pluripotent epidermal stem cells (Watt, 1998). Therefore, β1 integrin was 
selected to be the stem cell marker in this portion of the experiment. A collagen graft was 
acquired which was micro-abraded with a “honey comb” pattern and was seeded with NHK 
cells immunofluorescently stained with an anti-β1 integrin (secondary labeled with 
AlexaFluor®547). The keratinocytes seeded to the graft were also stained with Hoechst 
DNA stain, and calcein cyto-stain to determine viable cells from dead cells. The stratified 
keratinocytes on the surface of the basal lamina analogue, as well as the basal keratinocytes 
within the honeycombed wells of the graft, were analyzed by fluorescent microscopy with 
the Apotome.  Analysis of the cells on the surface of the graft showed low expression of 
fluorescence for β1 integrin, which suggested that the cells on the surface of the collagen 
graft had completely differentiated and stratified (Figure 10). When analysis of cells within 
the basal regions of the honey combed wells was done, there appeared to be the presence 
of keratinocytes positively tagged β1 integrin. This was indicated by the red fluorescence 
produced from the AlexaFluor®547 secondary antibody, and the majority of the 
fluorescence appeared to be localized around the inner walls of the wells (Figure 10).  
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Figure 10: NHK Cells 3x stained with Hoechst DNA stain (Blue), calcein cyto-stain 
(Green), and anti-β1 integrin-AlexaFluor®547 (Red)  
A composite z-stack image of entire honey comb wells was generated in order to get a 
general sense for the location of stem cell niches on the same collagen graft. In order to 
better visualize the β1 integrin tagged regions, the green calcein channel was disregarded, 
and only the blue DNA and red β1 integrin channels were imaged in the z-stack.  In the 
composite image, it was again observed that the majority of the red fluorescence, 
 
 
 
Surface 
 
 
 
 
 
 
 
Well Base 
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corresponding to β1 integrin, was localized to the bottom and inner walls of the honey 
comb wells on the collagen graft (Figure 11). There was also very little red fluorescence 
observed on the surface layer of the graft, suggesting little stem cell presence in that area.    
 
 
Figure 11: Z-Stack composite image of NHK cells seeded onto a “honeycomb” 
patterned collagen basal lamina analogue displaying two  florescent channels, 
Hoechst DNA stain (Blue) and anti-β1 integrin-AlexaFluor®547 (Red).   
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DISCUSSION 
 Using collagenous basal lamina analogues that mimicked the topography of the 
dermal-epidermal junction, it was shown that functional perturbations to this system could 
be rapidly characterized using optical sectioning fluorescent microscopy. The experimental 
results demonstrated that cells present on the outermost layer of a micro-abraded collagen 
graft could clearly be distinguished from subsequent cross-sectional layers of cells towards 
the base of the graft, using the z-stack feature of the Apotome microscope (see Figure 10). 
Figure 12 demonstrates how this technology was employed onto a basal lamina analogue, 
and the difference in x-y cross-sections as the scope panned down the graft. This allowed 
for the graft to be virtually sliced into layers and for cells in a particular layer to be 
characterized, rather than a more tedious process involving embedding and sectioning of 
the sample for analysis. 
      Figure 12: Summary figure outlining how a micro-abraded 
collagenous basal lamina analogue was scanned using optical 
sectioning microscopy. X-Y slices from the top of the graft are 
compared to X-Y slices of the bottom of the wells.    
(Hoechst Nuclear Stain)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(Hoechst Nuclear Stain)  
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This project demonstrated how the technique of optical sectioning microscopy with an 
Apotome processing can greatly increase the efficiency and accuracy of analyzing a basal 
lamina analogue. Previous techniques involved using a microtome to physically create 
cross-sectional slices of the collagen graft, mounting the slices to a microscope slide, and 
analyzing cellular composition on a light microscope.  Physically cutting cross-sections is 
not only a time consuming and tedious task, but it also presents the potential for damaging 
the cells seeded to the graft. Analyzing cells with optical sectioning microscopy not only 
saves time and lowers the potential for damaging the grafts, it also creates virtual images of 
the sample that can be saved and edited fit the intended goals of the experiment.   
 The initial images generated of basal lamina analogues were promising and 
demonstrated that the proposed experimental design for mounting and imaging the grafts 
was plausible (see Figure 8). The success of these images was in part due to the depression 
microscope slide, which allowed for a micro-abraded collagen grafts to remain suspended 
so that the topography of the basal lamina analogue would not be disturbed (see Figure 7). 
The immunofluorescence stain for α-tubulin in fibroblasts demonstrated that it was 
possible to immunologically label a cellular protein of interest with fluorescently tagged 
antibodies and follow the protein throughout a collagen graft. Another implicit goal of the 
initial immunostaining portion of the experiment was to determine the proper 
concentration of primary antibody that would produce optimal results. It was observed 
that the higher concentration (1:25) of primary anti-α-tubulin produced very bright spots 
to appear upon microscopic analysis. This was most likely due to an overabundance of 
antibodies nonspecifically attaching to proteins and congregating together. The 1:100 
dilution of primary anti-α-tubulin seemed to be much more accurate and specific compared 
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to the 1:25 dilution, however there was a lot of “black space” in the images acquired (see 
Figure 9A). This could be due to a few factors, like the antibodies not being able to gain 
access to the tubulin within all of the cells, or simply the absence of fibroblasts in these 
spaces. The 400x magnification of individual fibroblasts demonstrated the potential for in 
depth characterization of individual cells fixed to a collagen graft (see Figure 9B&C). This 
knowledge would eventually allow for the immunological assay of β1 integrin in 
keratinocytes.  
In the analysis of keratinocytes seeded onto the surface of a micro-abraded basal 
lamina analogue, it was demonstrated that the stem cell marker β1 integrin could be 
fluorescently tagged and followed throughout the peaks and valleys of the collagen graft. 
The initial analysis of the triple stained keratinocytes with Hoechst, calcein, and anti-β1 
integrin-AlexaFluor®547, it was observed that cells on the surface of the graft could clearly 
be distinguished from cell residing within the wells of the basal lamina analogue (see 
Figure 10).  When a composite z-stack was done on the graft, it was observed that the 
majority of cells tagged for β1 integrin resided along the inner walls of the wells on the 
“honey comb” collagen graft (see Figure 11). The observation of increased expression of β1 
integrin along the inner walls may suggest a region of potential abundance for epidermal 
stem cell niches.  
It should be noted that collagen tends to autofluoresce in the orange-red (305nm-
450nm) spectral range (Georgakoudi et al, 2002). Therefore the fluorescent signals from 
the β1 integrin tagged cells with Alexa Fluor®547 may have been convoluted against the 
orange-red autofluorescence from the collagen. This uncertainty can be easily mitigated by 
applying a different secondary antibody tagged in a different color range to locate 
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epidermal stem cells. Also, lines can be observed on many of the z-stack images (Figures 
9A&B & 11). This is most likely due to a misalignment between the camera and the 
Apotome slider. The camera on the Zeiss® Apotome microscope is very sensitive and a 
slight misalignment can produce minor distortion in z-stacked images. 
The ultimate goal for this model would be to count epidermal cells tagged for a 
particular trait at each x-y cross-section within a certain z-range, compile the cell count 
data for each cross-section, and generate a “characteristic topographical map” which would 
outline the number of positively tagged cells at each level of the basal lamina analogue. This 
would require improved immune-staining protocols and more specific stem cell markers in 
future experiments.  Additional software from Zeiss® would allow for vertical z-y cross 
sections to be taken which would greatly improve the analytic capabilities of this model by 
creating 3D “confocal-like” images.  
This model can also greatly increase the extent of experiments that can be done to this 
simple skin model that are beyond studying epidermal stem cells. A wide variety of 
different cellular structural and biochemical products can be tagged and analyzed in this in 
vitro model that simulates in vivo like conditions of human skin. The processes carried out 
in these experiments were always done on fixed tissue. However, this model provides a 
platform for live-cell analyses on human skin cells. Additionally, this model has clinically 
potential, where patient derived epidermal tissue could be seeded onto the basal lamina 
analogue and microscopically probed for certain factors that may have diagnostic 
importance. The effects different topographical patterns of collagenous basal lamina 
analogues on cell growth and differentiation could also be studied using this model of 
optical sectioning florescent microscopy.      
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Another realm of interest that this model could have a great application in is skin 
cancer. A potential experimental platform would be to expose seeded keratinocytes to 
different levels of mutagens, and then immunologically probe the graft for the presence of 
cancer cells. One promising protein domain that may have applications in both epidermal 
stem cell and skin cancer research is the leucine-rich repeats and immunoglobulin-like 
domain 1 (LRIG-1)  proteins  encoded by the lrig-1 gene.  LRIG-1 has been shown to be a 
multipotent stem cell marker in the mammalian epidermis (Jensen et al., 2009) and it has 
also been tied to human cancerous tumor suppression possibly through its role in 
downregulating the activity of the Epidermal Growth Factor Receptor (Wei et al., 2005). 
The lrig-1 gene is also highly analogous structurally to the kek-1 gene is Drosophila, which 
is tied to inhibition of the EGFR in Drosophila (Ghighlione et al., 1999; Hedman et al, 2002). 
The physiologically similar human epidermal model proposed in this experiment could be 
used to carry out functional studies of such genes involved either in maintenance of 
epidermal stem cell identity or skin cancer.  
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APPENDIX  
 
 
Figure A1: z-stack, 12 individual images over an 18µm area of a basal lamina 
analogue seeded with Hoechst and CFDA SE stained NHF cells (left). Composite 
images in the green, blue, and both green and blue light ranges (right).   
 
 
Figure A2: NHF cells, stained with a 1:25 dilution of anti-α-tubulin-Alexa Fluor®488 
at 100x magnification 
